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1
END-GROUP-DIRECTED SELF-ASSEMBLY
OF ORGANIC COMPOUNDS USEFUL FOR

PHOTOVOLTAIC APPLICATIONS

RELATED PATENT APPLICATIONS

The application claims priority to U.S. Provisional Patent
Application Ser. No. 61/546,977, filed Oct. 13,2011, which is
hereby incorporated by reference in its entirety.

STATEMENT OF GOVERNMENTAL SUPPORT

The invention was made with government support under
Contract Nos. DE-AC02-05CH11231 awarded by the U.S.
Department of Energy. The government has certain rights in
the invention.

FIELD OF THE INVENTION

The present invention is in the field of photovoltaics.

BACKGROUND OF THE INVENTION

Currently, pi-conjugated polymers represent the most
promising electron-donor materials for application in solu-
tion-processed organic bulk-heterojunction solar cell
devices. Recently published studies (Nat. Photon. 2009, 3,
(11), 649-653; J. Am. Chem. Soc. 2010, 132, (44), 15547-
15549; Adv. Mater. 2010, 22, (46), 5240-5244) suggest that
solar power conversion efficiencies on the order of those
achieved with amorphous silicon technologies (ca. 10%) will
be accessible upon identifying (i) proper molecular design
and (i) optimum device architecture. Nonetheless, a number
oflimitations encountered with conjugated polymers include:
(1) batch-to-batch molecular weight and polydispersity varia-
tions, (ii) tedious material purifications, (iii) time-intensive
syntheses, and (iv) solubility often limited to a small number
of organic solvents. In contrast, conjugated small molecules
are monodispersed, can be synthesized and purified with
ease, and may ultimately be solution-processed from a variety
of organic and aqueous solvents upon selecting proper solu-
bilizing substituents.

Our work has been directed to introducing a design prin-
ciple that would allow m-conjugated conjugated small mol-
ecules to arrange in an “end-to-end” fashion so as to mimic a
polymeric backbone. In comparison with polymeric back-
bones which are composed of a multiplicity of covalently
bound repeat units able to delocalize and transport charges
with efficacy in a thin-film device, the degree of connectivity
between conjugated small molecules is typically low and the
charge transport in devices remains a critical limiting-param-
eter to date. Therefore, only a small number of reports (Adv.
Funct. Mater. 2009, 19, (19),3063-3069; Chem. Mater. 2010,
22,(7),2325-2332; Appl. Phys. Lett. 2009, 94, (10), 103301,
Adv. Mater. 2011, ASAP, DOI: 10.1002/adma.201004445)
have described small molecules that yield power conversion
efficiencies superior to 3% so far. The combination of (i) a
lack of intermolecular connectivity and (ii) the formation of
overly crystalline morphologies with domain-sizes exceed-
ing the exciton diftfusion length in thin-film devices, is known
to be the bottle-neck of small molecule OPV device perfor-
mance. In this regard, the identification of design principles
that would allow for (i) enhancing the charge percolating
pathway between molecules, (ii) tailoring the degree of
microstructural order in small molecules in devices, and (iii)
limiting the size of the crystalline domains formed across the
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active layer, is critically needed for this technology to com-
pete with existing high-performing polymer solar cells strat-
egies.

To the best of our knowledge, explicit strategies that pro-
mote intermolecular connectivity in order to mimic the mate-
rial properties and photovoltaic device performance ofa poly-
mer backbone have not been described to date. Only
strategies aimed at reducing the domain size of the small
molecule crystallites formed during post-processing anneal-
ing treatments have been reported so far (e.g. Chem. Mater.
2009, 21, (9), 1775-1777). None of these reports describe a
design principle that introduces the synthesis of conjugated
small molecules which would arrange in an ordered “end-to-
end” fashion, thus mimicking the backbone continuum of a
conjugated polymer.

SUMMARY OF THE INVENTION

The present invention provides for an organic compound
comprising electron deficient unit X covalently linked to two
ormore electron rich units. In some embodiments, the organic
compound comprises X covalently linked to two, three, four,
or more electron rich units. Each electron rich unit has the
chemical structure of -y, -a or -y, -p. When the organic com-
pound has two electron rich units, the organic compound
comprises the following structure: a-y,,-X-v,-f. X comprises
a multi-ring organic structure. Each vy is independently a
covalent bond, thiophene, furan, or pyrrole, and each n is
independently an integer from O to 20, or 1 to 20, or 1 to 10,
or11to 5. aand p each independently comprise multi-ring
aromatic structures which are each capable of T-stacking with
the oo and P of a second organic compound, wherein the
organic compound and second organic compound can have
identical or different chemical structures. In some embodi-
ments, o and  are identical such that the organic compound
has the structure: a-y,-X-y,-a. The present invention also
provides for a plurality of the organic compound, wherein
each organic compound is capable of -stacking with another
organic compound. The plurality of the organic compound
can be a plurality of the organic compounds with the identical
structure, or a plurality of the organic compounds with dif-
ferent structures. In some embodiments, the plurality of the
organic compounds comprises each organic compound
n-stacked with at least one other organic compound. The
organic compound can be any compound described herein.

The present invention provides for organic compounds that
comprise peripheral substituents (e.g. end-groups) that create
strong and selective pi-pi interactions to promote the self-
assembly of a multiplicity of finite molecular entities. Such
finite molecular entities arrange in several directions through
space via the cofacially-stacked peripheral substituents, and
in turn mimic polymeric networks with efficient charge trans-
port properties, high fill-factors and power conversion effi-
ciencies in organic solar cells.

The invention also provides for a method of making the
organic compound of the present invention comprising a
method described herein.

The invention also provides for a composition or a device
comprising a plurality of the organic compound of the present
invention. In some embodiments, the device is a light-emit-
ting diode, thin-film transistor, chemical biosensor, non-
emissive electrochromic, memory device, photovoltaic cells,
or the like. In some embodiments, the device comprises (a) a
plurality of the organic compound of the present invention
which is a p-type component (i.e. electron-donor) and (b) a
suitable n-type component (i.e. electron-acceptor). In some
embodiments, the device is an electronic device, such as a
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field-effect transistor, memory device, radio-frequency iden-
tification tag, sensor, and any other device that would involve
a requirement of efficient charge-transport.

The invention also provides for a photovoltaic device com-
prising a photoactive layer comprising a plurality of the
organic compound of the present invention disposed between
a first electrode and a second electrode. In some embodi-
ments, the first electrode is ITO. In some embodiments, the
second electrode is LiF/Al. In some embodiments, the pho-
toactive layer, the first electrode, and the second electrode are
thin films. In some embodiments, the thin films are disposed
on a suitable substrate. In some embodiments, the substrate
comprises glass.

The present invention provides for maximizing solar cell
device fill-factors and power conversion efficiencies by (i)
increasing intermolecular connectivity and charge transport
in conjugated small-molecule-based thin-films, and (ii) lim-
iting the size of the crystalline domains formed across the
thin-films.

The present invention provides for a controlled approach to
achieve high-performance organic solar cells with efficien-
cies comparable to those achieved with conjugated polymers,
such as described in U.S. Provisional Patent Application Ser.
No. 61/388,479.

The present invention provides for a conjugated small mol-
ecule synthesized with various peripheral substituents, and
tested in solar cell devices. The best results so far obtained are
for planar and symmetrical polycyclic aromatic substituents,
such as pyrene. As demonstrated by single-crystal X-ray dif-
fraction, the resulting molecules are shown to crystallize in an
“end-to-end” fashion via the pyrene substituents, thus mim-
icking the backbone continuum of a conjugated polymer.

In some embodiments, the organic compound of the
present invention is capable of absorbing light. In some
embodiments, the organic compound of the present inven-
tion, when in a photovoltaic device, such as a solar cell, are
capable of conducting charges perpendicular to the film.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing aspects and others will be readily appreci-
ated by the skilled artisan from the following description of
illustrative embodiments when read in conjunction with the
accompanying drawings.

FIG. 1. (A) Donor-acceptor small molecules are designed
to self-assemble through the electron-rich m-stacking units
(top). (B) Molecules 1, 2, 3, and 4 based on a DPP core moiety
flanked by electron-rich end-groups (bottom left) and (C)
UV-Vis absorption spectra of 1, 2, 3, and 4a spin-coated as
thin films (bottom right).

FIG. 2. Characteristic J-V curves of solar cells fabricated
from 1, 2, 3 and 4b illuminated under AM 1.5 G, 100
mW/cm?,

FIG. 3. The eftect of difterent blend ratios (small molecule:
PC,,BM) on (A) PCE, (B) FF, and (C) space-charge-limited
current (SCLC) hole mobility of the devices fabricated from
molecules 1, 2, 3 and 4b. As donor content increases, the FF
and PCE are enhanced only in molecules with C2-pyrene
end-groups.

FIG. 4. 2-D GIXS patterns of thin films of 1, 2, 3, 4a, 4b,
and 4c, respectively, blended with PC,, BM, prepared under
the same conditions as for optimized device fabrication.

FIG. 5. (A) View down the b-axis and (B) angle view of the
single crystal structure of 4a, as determined by X-ray crys-
tallography. Alkyl side chains are omitted for clarity. The
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pyrene-pyrene interplanar distance is ~3.50 A, confirming
close mt-w stacking between pyrene moieties.

FIG. 6 shows the UV-VIS spectra of compounds 10 and 17
in chloroform.

FIG. 7 shows the UV-VIS characterization of compounds
18-20 in (A) solution and (B) thin films.

FIG. 8 shows the PV device performance of compounds 19
and 20.

FIG. 9 shows a scheme for the synthesis of BDI.

FIG. 10 shows a scheme for the synthesis of DPP.

FIG. 11 shows a scheme for the synthesis of TPD.

FIG. 12 shows a scheme for the synthesis of DPP-BDT.
FIG. 13 shows a scheme for the synthesis of DPP-TPA.

DETAILED DESCRIPTION OF THE INVENTION

Before the invention is described in detail, it is to be under-
stood that, unless otherwise indicated, this invention is not
limited to particular sequences, expression vectors, enzymes,
host microorganisms, or processes, as such may vary. Itis also
to be understood that the terminology used herein is for pur-
poses of describing particular embodiments only, and is not
intended to be limiting.

As used in the specification and the appended claims, the
singular forms “a,” “an,” and “the” include plural referents
unless the context clearly dictates otherwise. Thus, for
example, reference to an “organic compound” includes a
single organic compound as well as a plurality of organic
compounds, either the same (e.g., the same molecule) or
different.

In this specification and in the claims that follow, reference
will be made to anumber of terms that shall be defined to have
the following meanings:

The terms “optional” or “optionally” as used herein mean
that the subsequently described feature or structure may or
may not be present, or that the subsequently described event
or circumstance may or may not occur, and that the descrip-
tion includes instances where a particular feature or structure
is present and instances where the feature or structure is
absent, or instances where the event or circumstance occurs
and instances where it does not.

X is an electron deficient unit. X is a chromophore com-
prising one or more electron-rich (or donor) heterocycles, one
or more electron-poor (or acceptor) heterocycles, or a com-
bination thereof. Each v is independently

Z

\ / ¢

wherein Z is —S—, —O—, or —NH—.

In some embodiments, y,-X-y,, or X comprises at least one
benzene, imide, pyrrole, furan, or thiophene. In some
embodiments, X has one line of symmetry, or a 2-fold rota-
tional symmetry (including or excluding the structure of R1
and R2). In some embodiments, X has one of the following
structure:
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R1
0, N 0
> , or
O N (@]
Ry
R1
0, N 0
S

wherein R1 and R2 comprise independently straight or
branched alkyl chains. In some embodiments, y,-X-y,, has one
of the following structure:

Rl
0, N 0
S S
(@) N O
R,

(benzene diimide; BDI),

(thienopyrrole dione; TPD). In some embodiments, v, -X-y,,
has the structure of BDI, DPP or TPD but with one or more,
or all, of the thiophenes replaced with furans. In some
embodiments, the y,, at both ends of X are identical. In some
embodiments, the v, at both ends of X comprise of one or
more thiophenes. In some embodiments, they,, at both ends of
X comprise of one or more furans. In some embodiments, the
v,, at both ends of X consist of only thiophene(s). In some
embodiments, they,, at both ends of X consist of only furan(s).
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In some embodiments, R1 and R2 independently have at
least about 4, 5, 6, or 8 carbon atoms. In some embodiments,
R1 and R2 independently have from about 4 to 40 carbon
atoms. In some embodiments, R1 and R2 independently have
from about 8 to 20 carbon atoms. In some embodiments, R1
and R2 independently comprise at least 1 or 2 branch chains
comprising from about 1 to 16 carbon atoms. In some
embodiments, R1 and R2 independently comprise atleast 1 or
2 branch chains comprising from about 2 to 8 carbon atoms.
In some embodiments, R1 and R2 independently comprise a
main chain of from 3 to 24 carbon atoms and a branch chain
having 1 to 16 atoms. In some embodiments, R1 and R2
independently comprise a main chain of from 3 to 24 carbon
atoms and a branch chain having 2 to 8 atoms. In some
embodiments, R1 and R2 independently comprise a main
chain of from 6 to 12 carbon atoms and a branch chain having
2to 8 atoms. In some embodiments, R1 and R2 independently
comprise a branch chain attached to C2 of a main chain. In
some embodiments, R1 and R2 independently comprise a
branch chain having 1, 2, 3, or 4 carbon atoms less than a main
chain. In some embodiments, R1 and R2 independently com-
prise a branch chain attached to C2 of a main chain, and the
branch chain has 4 carbon atoms less than the main chain. In
some embodiments, R1 and R2 independently are 2-ethyl-
hexyl, 2-butyloctyl, 2-hexylddecyl, or 2-octyldodecyl. In
some embodiments, R1 and R2 are identical.

In some embodiments, a and 3 independently have at least
one line of symmetry, or a 2-fold, or 3-fold, or more, rota-
tional symmetry. In some embodiments, o and f§ indepen-
dently comprise at least two, three or four ring structures. In
some embodiments, a and f§ independently comprise a ben-
zene or a thiophene. In some embodiments, o and [} indepen-
dently comprise from about one to eight benzenes. In some
embodiments, . and §§ independently comprise from about
one to four benzenes. In some embodiments, o and f§ inde-
pendently comprise one or more heteroatoms, such as sulfur,
selenium, oxygen, nitrogen, boron, or the like, and/or one or
more other substituents. In some embodiments, o and 3 inde-
pendently comprise a polycyclic aromatic (or partially aro-
matic) hydrocarbon (PAH), such as, acenaphthene, acenaph-
thylene, anthanthrene, anthracene, benz[a]anthracene, benzo
[a]pyrene, benzo[e]pyrene, benzo[b]fluoranthene, benzo
[ghi]perylene, benzoMfluoranthene, benzo[k|fluoranthene,
benzopyrene, chrysene, coronene, corannulene, dibenz(a,h)
anthracene, fluoranthene, fluorine, hexabenzocoronene,
indeno(1,2,3-cd)pyrene, naphthalene, ovalene, pentacene,
pentaphene, perylene, phenanthrene, pyrene, tetracene, tet-
raphene, and triphenylene. In some embodiments, o and
independently comprise a derivative of a polycyclic aromatic
(or partially aromatic) hydrocarbon (PAH), comprising one
or more heteroatoms (such as, sulfur, selenium, oxygen,
nitrogen, boron, or the like) or substituents. In some embodi-
ments, o and f are independently
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-continued

, or

The organic compounds of the present invention have one
of more of the following advantages: monodisperse, having
simple purification, and straightforward characterization.
The organic compounds of the present invention can be syn-
thesized in the following exemplary methods:

BDI can be synthesized by the scheme shown in FIG. 9.

DPP can be synthesized by the scheme shown in FIG. 10.

TPD can be synthesized by the scheme shown in FIG. 11.

DPP-BDT can be synthesized by the scheme shown in FIG.
12.

DPP-TPA can be synthesized by the scheme shown in FIG.
13.

FIG. 6 shows the UV-VIS spectra of compounds 10 and 17
in chloroform. Opticalbands correspond to 1.9 eV (com-
pound 10) and 2.4 eV (compound 17). The modulation of the
electron-deficient unit can significantly influence electronic
properties.

FIG. 7 shows the UV-VIS characterization of compounds
18-20 in solution and thin films. Table 2 shows extinction
coefficient at A, in solution and solid state.

TABLE 2

Solution Thin-film
Compound Momaare eMtem™) Momaare aem™t)
P3HT — — 560 1.0x 10°
DPP(TBFu),* 630 6.4 x 10* — —
18 610 6.0 x 10* 597 6.3 x 10%
19 641 2.5x10° 617 6.4 x 10%
20 630 1.6 x 10° 599 5.9x 10*

“Adv. Func. Mater. 2009, 19, 3063-3069.

FIG. 8 shows the PV device performance of compounds 19
and 20. Table 3 shows the Voc, Jsc and FF of compounds 19
and 20.

TABLE 3
Com Blend ratio Voo T
pound Solvent (donor:PC,BM) (V) (mA) FF n(%)
19 2:1 CB:DCB 1:4 0.82 -6.86 030 1.7
20 Chloroform 1:4 075 -4.61 031 1.1

It is to be understood that, while the invention has been
described in conjunction with the preferred specific embodi-
ments thereof, the foregoing description is intended to illus-
trate and not limit the scope of the invention. Other aspects,
advantages, and modifications within the scope of the inven-
tion will be apparent to those skilled in the art to which the
invention pertains.
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All patents, patent applications, and publications men-
tioned herein are hereby incorporated by reference in their
entireties.

The invention having been described, the following
examples are offered to illustrate the subject invention by way
of illustration, not by way of limitation.

Example 1

Efficient Small Molecule Bulk Heterojunction Solar
Cells with High Fill Factors Via Pyrene-Directed
Self-Assembly

Organic photovoltaics (OPVs) are a promising technology
for cost-effective and scalable production of renewable
energy.["] Current research in OPV materials focuses prima-
rily on the design and synthesis of semiconducting polymers
capable of both light absorption and charge transport. In OPV
cells utilizing a bulk heterojunction (BHJ) architecture, con-
jugated polymers have demonstrated promising device effi-
ciency; however, they can suffer from drawbacks such as
batch-to-batch variation and chain-end contamination, which
can reduce overall performance and device consistency.**!

In order to develop OPV materials that exhibit not only
favorable electronic properties but also batch-to-batch con-
sistency, electroactive small molecules have recently received
attention as alternatives to polymers.”! Small molecules can
be synthesized and solution-processed into devices on a large
scale like polymers. Additionally, their monodispersity elimi-
nates device variability from material in homogeneity and
offers comparatively straightforward synthesis, purification,
and characterization. Despite these potential advantages, cur-
rent small molecules exhibit photovoltaic efficiencies below
those of the highest-performing polymers.?+*!

The relatively low performance of small molecules may be
attributed to their limited interconnectivity through the active
layer, resulting in low device fill factors. It has been demon-
strated that, in BHJ solar cells, polymers with higher molecu-
lar weight (M, ) perform better than those with lower M >+
In low M,, polymers, charge transport is limited by the short
chain length.’®*! By extension, as small molecules represent
the lower limit of M,, their device performance can suffer
from inadequate interconnectivity and inefficient charge
extraction. Herein, we demonstrate that the interconnectivity
of small molecule semiconductors can be greatly improved
by directed molecular self-assembly. Small molecules
designed with this principle are shown to generate highly
ordered and interconnected domains exhibiting large fill fac-
tors and efficiencies in OPV devices.

We postulated that the introduction of t-stacking moieties
onto the ends of small molecules would facilitate favorable
end-to-end m-m interactions, leading to enhanced charge
transport between adjacent molecules. To investigate this
approach, a series of small molecules was synthesized, each
with different electron-rich end-groups (FIG. 1). End-groups
were selected for their varying degrees of planarity, which can
affect their tendency to m-stack. Triphenylamine (TPA) has a
non-planar structure with its phenyl groups twisting into a
propeller motif.”] Benzo[1,2-b; 4,5-b'|dithiophene (BDT)
contains a planar fused ring but has non-coplanar alkoxy
substituents. Pyrene is a completely planar moiety and has a
strong propensity to mt-stack. In addition, the regio-connec-
tivity between pyrene and the chromophoric core was varied
to study the effect of end-group symmetry. As a platform for
investigating the effect of these end-groups, diketopyrrolopy-
rrole (DPP) was chosen to be the electron-deficient core,
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since it has been used in molecules with promising optical
properties, charge carrier mobility, and photovoltaic perfor-
mance.®]

Syntheses of the small molecules were achieved through
Suzuki or Stille cross-coupling reactions to append the end-
groups to the DPP core®-*], Notably, the C2-pyrene boronate
ester was obtained by Ir(I)-catalyzed C—H functionalization
for selective access to the C2 position.!? All four molecules
exhibit comparable absorption profiles (FIG. 1) and HOMO/
LUMO energy levels (SI).

To determine the OPV performance of the small molecule
materials, thin-film BHJ devices were prepared with the fol-
lowing architecture: ITO/PEDOT:PSS/small molecule:
PC,,BM/AL Upon extensive device optimization, small mol-
ecule 4a exhibits a notable maximum power conversion
efficiency (PCE) of 2.7%, whereas 1, 2 and 3 exhibit lower
device PCEs of 1.3%, 1.7% and 0.7%, respectively (Table 1,
FIG. 2). While 1, 2 and 4a possess similar optoelectronic
properties, their varying device performances suggest that
PCE is highly dependent on end-group planarity. However,
end-group planarity alone does not ensure high device effi-
ciency, as demonstrated by the low PCE of 3. Changing the
site of pyrene substitution from C1 (3) to C2 (4a) led to an
enhancement of device performance, indicating that end-
group symmetry can also have a dramatic influence on PCE.
Further structural optimization of the C2-pyrene-based mol-
ecules was achieved by varying the N-alkyl solubilizing side-
chains on the core moiety. Previous studies have shown that
side-chains can affect crystallinity, intermolecular spacing,
and OPV device performance.l'!] To determine whether
shorter alkyl chains could tighten molecular packing and
improve OPV performance, the 2-octyldodecyl groups on 4a
were replaced with 2-hexyldecyl (4b), 2-butyloctyl (4¢), and
2-ethylhexyl (4d) groups. Molecule 4b exhibits the highest
PCE (4.1% max.) in this series and has the one of the highest
fill factors (0.58) for a solution-processed small molecule
OPV system. Further decreasing the size of the alkyl groups
resulted in limited solubility and processing challenges, giv-
ing 4c a lower device performance than 4b. Molecule 4d
lacked sufficient solubility to be processed into a functional
device.

TABLE 1

Average PV performance of 1-4 blended with PC,, BM
(J;. = short-circuit current density, V. =
open-circuit voltage, FF = fill factor).

Blend Jse Voc PCE Max. PCE
Ratio[a] [mA/em?] V1 FF [%] [%]

1 1:4[b] -4.3 0.73 0.31 1.0 1.3

2 1:4[c] -6.2 0.81 0.30 1.3 1.7

3 1:4[b] -3.2 0.73 0.29 0.7 0.7

4a 2:1[b] =57 0.77 0.55 2.4 2.7

4b 2:1[b] -8.3 0.76 0.58 3.7 4.1

4c 2:1[d] -6.6 0.78 0.48 2.4 3.0

[a]Mass ratio of small molecule donor to PC7,BM.
[b]Devices prepared from solution in chloroform.
[, d]Devices prepared from solution in mixed solvent: chlorobenzene/1,2-dichlorobenzene

([€]66.7/33.3 v/v; [d]75/25 viv).

As shown in Table 1 and FIG. 2, the high device PCE of
C2-pyrene-based molecules can be mainly attributed to their
high fill factors (FFs). FF is known to depend largely on
carrier mobility, charge recombination, current leakage, and
balanced transport of holes and electrons through the device
active layer.'""**] Molecules 4a and 4b exhibit device FFs of
0.55 and 0.58, whereas molecules 1, 2 and 3 exhibit FFs of
0.29, 0.30 and 0.31, respectively. The high FFs are unique to
4a-4c, even at different donor:PC, BM ratios (FIG. 3B).
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Devices fabricated with 1, 2 and 3 were optimized at a 1:4
donor:PC,,BM ratio; further increasing the donor content
reduced device FF and PCE even though the hole mobility of
these devices increased (FIG. 3). In contrast, for molecules
containing C2-pyrene end-groups (4a-4c), increasing the
donor content enhanced both FF and hole mobility, contrib-
uting to the high device efficiency at the optimized ratio 0f2:1
donor:PC,,BM ratio. These results suggest that, relative to
the other end-groups studied, the C2-pyrene end-group
affects intermolecular interactions which may promote
molecular packing and active layer morphology favorable for
high device PCE.

To understand how the C2-pyrene end-group can promote
molecular assembly, the nanoscale film morphology and
solid-state packing of DPP-C2-pyrene were investigated by
atomic force microscopy (AFM) and X-ray diffraction. By
AFM characterization, the active layers of the thin-film
devices fabricated from 1 and 3 appear smooth and relatively
amorphous, while the device active layer of 2 exhibits
domains approaching the 1-pum length scale. In contrast, the
device active layers of 4a and 4b display a network of highly-
crystalline features sized ~10-30 nm (SI). Grazing-incidence
X-ray scattering (GIXS) pattern of a thin-film BHJ of 4b and
PC,,BM shows sharply defined rings and peaks, suggesting
that the packing of 4b is both more crystalline and more
aligned than that of 1, 2, and 3, whose scattering patterns
indicate relatively amorphous films (FIG. 4). Single crystal
X-ray analysis of 4a shows a closely-packed, interdigitated
crystal structure with extensive overlap of C2-pyrene moi-
eties (FIG. 5). The interplanar distance between two pyrene
units is 3.50 A, confirming strong face-to-face rt-m interaction
between molecules. With this packing configuration, charges
can move both parallel (¢ direction) and perpendicular (b
direction) to the long-axis of the molecule, which is in good
agreement with the high hole mobilities measured for 4b.

In summary, we demonstrate that efficient OPV materials
can be constructed by the attachment of completely planar,
symmetric end-groups to electroactive small molecules.
Appending C2-pyrene as the small molecule end-group
results in materials with tight, aligned crystal packing and
favorable morphology dictated by mt-m interactions. The inter-
molecular connectivity promoted by C2-pyrene allows
devices containing blends of 4b and PC,,BM to reach a
maximum PCE above 4% with a FF approaching 0.6. This
device FF is one of the highest values reported to date in
high-performing small molecule BHJ OPVs. The use of end-
groups to direct molecular self-assembly represents an effec-
tive strategy for designing high-performance small molecule
OPV devices.
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Assuring interconnectivity through the active layer is a
prerequisite for the use of small molecules in solution-pro-
cessed organic photovoltaic (OPV) devices. Small molecule
donors containing C2-substituted pyrene end-groups exhibit
a fill factor of 0.58 and an efficiency of 4.1% in devices. We
attribute this high performance to tight face-to-face packing
mediated by the strong intermolecular m-7 interactions of
pyrene, enhancing molecular interconnectivity charge trans-
port properties.

While the present invention has been described with refer-
ence to the specific embodiments thereof, it should be under-
stood by those skilled in the art that various changes may be
made and equivalents may be substituted without departing
from the true spirit and scope of the invention. In addition,
many modifications may be made to adapt a particular situa-
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tion, material, composition of matter, process, process step or
steps, to the objective, spirit and scope of the present inven-
tion. All such modifications are intended to be within the
scope of the claims appended hereto.

What is claimed is:
1. An organic compound comprising the following struc-
ture: a-y,,-X-y,,-o; wherein X consists of

R1
0, N 0
> , or
@) N (@]
Ry
R1
0, N 0
S

wherein R1 and R2 each independently comprise a straight or
branched alkyl chain; each v is independently a thiophene,
furan, or pyrrole; each n is independently an integer from 1 to
20; and, each o comprises a multi-ring aromatic structure
which are each capable of m-stacking with the a of a second
organic compound, wherein the organic compound and sec-
ond organic compound can have identical or different chemi-
cal structures; wherein (a) they,, at both ends of X comprise of
one or more furans, (b) o has at least one line of symmetry, or
at least a 2-fold rotational symmetry, or (¢) o comprises an
acenaphthene, acenaphthylene, anthanthrene, anthracene,
benz[alanthracene, benzo[a]pyrene, benzo[e|pyrene, benzo
[b]fluoranthene, benzo[ghi]perylene, benzo[j|fluoranthene,
benzo[k]|fluoranthene, benzopyrene, chrysene, coronene,
corannulene, dibenz(a,h)anthracene, fluoranthene, hexaben-
zocoronene, indeno(1,2,3-cd)pyrene, naphthalene, ovalene,
pentacene, pentaphene, perylene, phenanthrene, pyrene, tet-
racene, tetraphene, triphenylene,

Qs
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-continued

2. The organic compound of claim 1, wherein (a) o has at
least one line of symmetry, or at least a 2-fold rotational
symmetry, or (b) o comprises an acenaphthene, acenaphth-
ylene, anthanthrene, anthracene, benz[a]anthracene, benzo
[a]pyrene, benzo[e]pyrene, benzo[b]fluoranthene, benzo
[ghi]perylene, benzo[j]fluoranthene, benzo[k|fluoranthene,
benzopyrene, chrysene, coronene, corannulene, dibenz(a,h)
anthracene, fluoranthene, hexabenzocoronene, indeno(1,2,3-
cd)pyrene, naphthalene, ovalene, pentacene, pentaphene,
perylene, phenanthrene, pyrene, tetracene, tetraphene, triph-
enylene,

Qs

and each y is independently

Z

\ / §

wherein Z is —S—, —O—, or —NH—.

3. The organic compound of claim 1, wherein (a) c has at
least one line of symmetry, or at least a 2-fold rotational
symmetry, or (b) o comprises an acenaphthene, acenaphth-
ylene, anthanthrene, anthracene, benz[a]anthracene, benzo
[a]pyrene, benzo[e]pyrene, benzo[b]fluoranthene, benzo
[ghi]perylene, benzo[j]fluoranthene, benzo[k|fluoranthene,
benzopyrene, chrysene, coronene, corannulene, dibenz(a,h)
anthracene, fluoranthene, hexabenzocoronene, indeno(1,2,3-
cd)pyrene, naphthalene, ovalene, pentacene, pentaphene,
perylene, phenanthrene, pyrene, tetracene, tetraphene, triph-
enylene,
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Qs

¢}

|

and vy,,-X-v,, has one of the following structure:

O, (6]

(@) N O

4. The organic compound of claim 1, wherein the y,, at both
ends of X are identical.

5. The organic compound of claim 1, wherein the y, at both
ends of X comprise of one or more thiophenes.

6. The organic compound of claim 5, wherein (a) c has at
least one line of symmetry, or at least a 2-fold rotational
symmetry, or (b) o comprises an acenaphthene, acenaphth-
ylene, anthanthrene, anthracene, benz[a]anthracene, benzo
[a]pyrene, benzo[e]pyrene, benzo[b]fluoranthene, benzo
[ghi]perylene, benzo[j]fluoranthene, benzo[k|fluoranthene,
benzopyrene, chrysene, coronene, corannulene, dibenz(a,h)
anthracene, fluoranthene, hexabenzocoronene, indeno(1,2,3-
cd)pyrene, naphthalene, ovalene, pentacene, pentaphene,
perylene, phenanthrene, pyrene, tetracene, tetraphene, triph-
enylene,
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20. The organic compound of claim 1, wherein o com-
prises a

Z

and the y,, at both ends of X consist of only thiophene(s).

7. The organic compound of claim 1, wherein the y,, at both
ends of X comprise of one or more furans.

8. The organic compound of claim 7, wherein the y,, at both
ends of X consist of only furan(s).

9. The organic compound of claim 1, wherein R1 and R2
independently have at least about 4 carbon atoms.

10. The organic compound of claim 1, wherein R1 and R2
independently have from about 4 to 40 carbon atoms.

11. The organic compound of claim 1, wherein R1 and R2
independently comprise at least 1 or 2 branch chains com-
prising from about 1 to 16 carbon atoms.

12. The organic compound of claim 1, wherein R1 and R2
independently are 2-ethylhexyl, 2-butyloctyl, 2-hexylddecyl,
or 2-octyldodecyl.

13. The organic compound of claim 1, wherein R1 and R2
are identical.

14. The organic compound of claim 1, wherein o has at
least one line of symmetry, or at least a 2-fold rotational
symmetry.

15. The organic compound of claim 1, wherein the v,, at
both ends of X comprise of one or more furans and o com-
prises from about one to eight benzenes.

16. The organic compound of claim 15, wherein o com-
prises from about one to four benzenes.

17. The organic compound of claim 1, o comprises one or
more heteroatoms.

18. The organic compound of claim 1, wherein o com-
prises a polycyclic aromatic or partially aromatic hydrocar-
bon (PAH).

19. The organic compound of claim 1, wherein o com-
prises an acenaphthene, acenaphthylene, anthanthrene,
anthracene, benz[alanthracene, benzo[a|pyrene, benzo[e]
pyrene, benzo[b]fluoranthene, benzo[ghi]perylene, benzo[j]
fluoranthene, benzo[k|fluoranthene, benzopyrene, chrysene,
coronene, corannulene, dibenz(a,h)anthracene, fluoranthene,
hexabenzocoronene, indeno(1,2,3-cd)pyrene, naphthalene,
ovalene, pentacene, pentaphene, perylene, phenanthrene,
pyrene, tetracene, tetraphene, and triphenylene.
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21. A plurality of the organic compound of claim 1,
wherein each organic compound is 7t-stacked with at least one
other organic compound.

22. A device comprising the organic compound of claim 1.

23. The device of claim 22, wherein the device is a light-
emitting diode, thin-film transistor, chemical biosensor, non-
emissive electrochromic, memory device, or photovoltaic
cell.

24. The device of claim 23, wherein the device comprises
(a) the organic compound as a p-type component, and (b) a
suitable n-type component.

25. A photovoltaic device comprising a photoactive layer
comprising the organic compound of claim 1 disposed
between a first electrode and a second electrode.

26. The photovoltaic device of claim 25, wherein the first
electrode is ITO.

27. The photovoltaic device of claim 25, wherein the sec-
ond electrode is LiF/Al.

28. The photovoltaic device of claim 25, wherein the pho-
toactive layer, the first electrode, and the second electrode are
thin films.

29. The photovoltaic device of claim 28, wherein the
device further comprises a substrate, wherein the thin films
are disposed on the substrate.

30. The photovoltaic device of claim 29, wherein the sub-
strate comprises glass.
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31. The organic compound of claim 1, wherein the organic
compound is:

18
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wherein R is 2-octyldodecyl, 2-hexyldecyl, 2-butyloctyl,

or 2-ethylhexyl.

32. An organic compound comprising the following struc-
ture: a-y,-X-y,,-a; wherein X comprises a multi-ring organic
structure comprising at least one benzene, imide, pyrrole,
furan, or thiophene; each vy is independently a thiophene,
furan, or pyrrole; each n is independently an integer from 1 to
20; and, each o comprises a multi-ring aromatic structure
which are each capable of mt-stacking with the « of a second
organic compound, wherein the organic compound and sec-
ond organic compound can have identical or different chemi-
cal structures; wherein (a) the y,, at both ends of X comprise of
one or more furans, or (b) o comprises an acenaphthene,
acenaphthylene, anthanthrene, anthracene, benz[a]an-
thracene, benzo|a]pyrene, benzo|e|pyrene, benzo[b]fluoran-
thene, benzo[ghi]perylene, benzo[j|fluoranthene, benzo[k]
fluoranthene, benzopyrene, chrysene, coronene,
corannulene, dibenz(a,h)anthracene, fluoranthene, hexaben-
zocoronene, indeno(1,2,3-cd)pyrene, naphthalene, ovalene,
pentacene, pentaphene, perylene, phenanthrene, pyrene, tet-
racene, tetraphene, triphenylene,
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34. The organic compound of claim 33, wherein the v,, at
both ends of X consist of only furan(s).

35. The organic compound of claim 32, wherein o com-
prises from about one to eight benzenes.

36. The organic compound of claim 35, wherein o com-
prises from about one to four benzenes.

37. The organic compound of claim 32, wherein o com-
prises a polycyclic aromatic or partially aromatic hydrocar-
bon (PAH).

38. The organic compound of claim 32, wherein o com-
prises an acenaphthene, acenaphthylene, anthanthrene,
anthracene, benz[alanthracene, benzo[a]pyrene, benzo[e]
pyrene, benzo[b]fluoranthene, benzo[ghi|perylene, benzo[j]
fluoranthene, benzo[k|fluoranthene, benzopyrene, chrysene,
coronene, corannulene, dibenz(a,h)anthracene, fluoranthene,
hexabenzocoronene, indeno(1,2,3-cd)pyrene, naphthalene,
ovalene, pentacene, pentaphene, perylene, phenanthrene,
pyrene, tetracene, tetraphene, and triphenylene.

39. The organic compound of claim 32, wherein o com-
prises a

33. The organic compound of claim 32, wherein the y, at
both ends of X comprise of one or more furans.



